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power, usefulness for different study questions, and current applicability in light of the advent of whole genome
sequencing.
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depends upon the interaction of three major components: the organism being subtyped,
the subtyping method being used, and the scientiﬁc question being asked. These compo-
nents, in turn, are impacted by various factors as represented in this schematic.1. Introduction
1.1. Yersinia pestis
Plague is one of the most devastating diseases to ever affect
mankind. It is estimated to have killed hundreds of millions of people
over the course of three historical pandemics: Justinian's plague during
the 6th and 7th centuries, medieval plague epidemics during the 14th–
17th centuries, including the Black Death, and the third pandemic,
which began in 1855 in the Chinese province of Yünnan (Perry and
Fetherston, 1997). Although modern public health measures, including
better hygiene and the availability of antibiotics and insecticides, have
allowed for better control of the disease, plague is still a major public
health threat in some parts of the world (Perry and Fetherston, 1997)
and a continuing concern as a potential bioterror weapon (Rotz et al.,
2002). The identiﬁcation of some multi-drug resistant strains has
added to these concerns (Galimand et al., 1997).
Y. pestis, the etiologic agent of plague, is a recently emerged clone
of Yersinia pseudotuberculosis that may have diverged as recently as
~3300 YBP (Cui et al., 2013). This recent emergence has led to an overall
lack of genetic diversity in this pathogen, making many subtyping
methods commonly used in other species of little or no use for differen-
tiating among strains of Y. pestis. Complicating the search for genetic di-
versity is the fact that oldermore genetically diverse populationswithin
Y. pestis are also geographically restricted (Cui et al., 2013;Morelli et al.,
2010) and, therefore, are often not well represented in strain collections
used for subtyping studies. In contrast, the most geographically wide-
spread population, which often dominates strain collections, displays
even less genetic diversity than Y. pestis as awhole, due to its very recent
emergence. This population, 1.ORI (classically referred to as biovar
orientalis), consists of a highly successful clone within Y. pestis (Keim
and Wagner, 2009) that emerged as recently as ~205 YBP (Cui et al.,
2013) and then spread around the globe in the late 1800s and early
1900s (Morelli et al., 2010; Perry and Fetherston, 1997). The very recent
emergence and consequent low genetic diversity of this population
have further restricted the number of useful subtyping methods when
discrimination within this population is desired.
Despite these challenges, the historical signiﬁcance, high virulence,
and potential threat of Y. pestis have led to many subtyping efforts
targeted at identifying, classifying, and/or tracking this pathogen. Early
subtyping efforts included phenotypic assays, serotyping, phage typing,
and plasmid analysis. Various fragment-based subtypingmethods have
also been utilized, including restriction fragment length polymorphism
(RFLP) based approaches, insertion sequence (IS) element based
approaches, different region (DFR) analysis, locally collinear block
(LCB) linking modes, random ampliﬁcation of polymorphic DNA
(RAPD), repetitive element sequence based-polymerase chain reac-
tion (REP-PCR), and variable-number tandem repeat (VNTR) analy-
sis. Fragment sequencing-based subtyping methods that have been
used include 16S analysis, multi-locus sequence typing (MLST), and
clustered regularly interspaced palindromic repeats (CRISPR) analy-
sis. Most recently, whole genome sequencing has allowed for large
scale single nucleotide polymorphism (SNP) based approaches andthe development of highly accurate phylogenies for Y. pestis on a global
scale, which may eventually render many other subtyping methods
obsolete. This article reviews various subtyping efforts, their efﬁcacy
for various applications and current usefulness, and the future of
Y. pestis subtyping.
1.2. Evolutionary context of subtyping
Successful subtyping depends upon at least three major compo-
nents: the organism being subtyped, the subtyping method being
used, and the scientiﬁc question being asked. The successful interaction
of these three components (i.e., the success of a subtyping method in
answering a particular scientiﬁc question for a speciﬁc organism) is
impacted by several factors, including the type and amount of variation
being detected, the mutation rate(s) associated with that variation, the
evolutionary rate, the propensity for convergent evolution, population
age, clonality/recombination rate, and selective versus neutral variation,
among others (Fig. 1). Continued use/widespread adoption of any par-
ticular subtyping method is further dependent on the reliability, dis-
criminatory power, cost, and difﬁculty of the method, as compared to
other developed methods.
Major categories of variation include, phenotypic variation, geno-
mic rearrangements, indels, and SNPs. Different subtyping methods
vary in their ability to detect these different types of variation and in
the amount of potentially variable sites they query. Whole genome
sequencing should, theoretically, be able to detect most types of varia-
tion and also surveys the entire genome. In contrast, a phenotypic
assay will only assess the targeted phenotypic trait and, although it
may indicate a particular genetic change, does not directly assess the
genetic basis of the assayed phenotype. Similarly, different organisms
vary in their genomic makeup and, consequently, in the types and
amount of available variation that may be exploited for subtyping.
Thus, a subtypingmethod that successfully differentiates among strains
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For example, Y. pestis, whichhas anoverall low level of genetic diversity,
has, nevertheless, been subtyped with moderate success using rela-
tively low resolution RFLP based subtypingmethods such as ribotyping
(Guiyoule et al., 1994; Guiyoule et al., 1997;Wei et al., 2003), due to the
relatively frequent genomic rearrangements that occur in this species
(Lindler, 2009; Platonov et al., 2013).
Different types of variation also occur at different rates andvia differ-
ent mutational processes. For example, spontaneous substitution rates
for Y. pestis have been estimated at 2.9 × 10−9 to 2.3 × 10−8 mutations
per site per year (Morelli et al., 2010). Mutation rates for Y. pestisVNTRs
are much higher, with measured mutation rates ranging from
8.5 × 10−6 to 3.7 × 10−4 mutations/generation, depending upon the
VNTR locus (Vogler et al., 2007). This rate variation will strongly affect
the effectiveness of different subtypingmethods for answering a partic-
ular scientiﬁc question. For example, trying to differentiate among very
closely related strains, such as from a single outbreak, will require
looking at very rapidly mutating loci and/or surveying a large number
of potentially variable sites. Related to mutation rates are evolutionary
rates, which will also vary by organism. Evolutionary rates can be
thought of as the product of underlyingmutation rates and other factors
speciﬁc to an organism. For example, Y. pestis displays varying SNP ﬁx-
ation rates, likely due to alternating endemic and epidemic periods
(Cui et al., 2013). Evolutionary rate variation will similarly affect the
ability of a subtyping method to answer a particular scientiﬁc question.
Other important factors affecting successful subtyping include
the propensity for convergent evolution, population age, clonality/
recombination rate, and selective versus neutral variation. Markers
used for subtyping are differentially subject to convergent evolution,
which can lead to homoplasy (Keim et al., 2004). Convergent evolution
may be due to selection, but can also be the result of a neutral event
(e.g., indels at VNTR markers). The population being examined is also
an important factor, particularly with regard to the age of the targeted
population. Older populations will have more variation, but may have
reached mutational saturation in some marker types, increasing the
chances of convergent evolution (Keim et al., 2004). Younger popula-
tions will have had less time to accumulate confounding convergent
events, but will also possess less variation overall, making full discrimi-
nation of strains more difﬁcult. Discrimination in non-clonal organisms
may be easier than in clonal organisms with a similar underlying level
of variation due to the potential allele-increasing effects of recombina-
tion in the non-clonal organisms. In contrast, discrimination among
clonal organisms beneﬁts from the fact that clonal phylogenies can be
very precisely deﬁned using single canonical characters to deﬁne each
branch (Keim et al., 2004). Neutral variation is frequently preferred
for subtyping purposes but markers subject to selection may be used
as well, particularly when there is little genetic diversity to begin
with. However, any use of markers under selectionmust be undertaken
with due care.
The scientiﬁc question being asked will affect the relative impor-
tance of these various factors in determining subtyping success.
Broad categories of scientiﬁc questions include population genetics,
phylogeography, molecular epidemiology, and forensics related
questions, among others (Fig. 1). Population genetics related ques-
tions may focus on the origins and/or population structure of a spe-
cies, population, and/or subpopulation. These types of questions
are frequently coupled with questions on the geographic distribu-
tion of an organism (i.e., its phylogeography). Molecular epidemiol-
ogy related questions deal with the spread of an organism, whether
by population or of a single strain. Forensics related questions may
occur when investigating potential bioterror related events. The impor-
tance of Y. pestis as a human pathogen has led to a large body of
subtyping work focused on answering one or more of these types of
questions. Various Y. pestis and/or subtyping method factors have con-
tributed to the ability of individual studies to answer these questions.
This article will review this work in the context of these factors andhow they have contributed to the past success or failure of a particular
subtypingmethod in answering a speciﬁc question for Y. pestis. In addi-
tion, this article will evaluate the various subtyping methods that have
been applied to Y. pestiswith regard to their reliability, discriminatory
power, cost, and difﬁculty, and how these factors will likely impact
future use of these methods for subtyping Y. pestis.
2. Early subtyping efforts
2.1. Phenotypic assays
The earliest and traditionallymostwidely utilized subtyping scheme
for Y. pestis involves the use of two phenotypic assays, glycerol fermen-
tation (glpD+) and nitrate reduction (napA+), to divide Y. pestis strains
into three biovars: antiqua (glpD+, napA+), medievalis (glpD+,
napA−), and orientalis (glpD−, napA+) (Anisimov et al., 2004;
Lindler, 2009). Based upon epidemiological observations and historical
records, Devignat proposed that these three biovars were associated
with the three historical plague pandemics, with antiqua associated
with Justinian's plague, medievalis associated with the second pan-
demic, and orientalis associated with the third pandemic (Devignat,
1951). Although biovar orientalis is certainly associated with the third
pandemic (Achtman et al., 2004; Morelli et al., 2010), the hypothesis
linking the other two biovars to the previous two pandemics has since
been discredited. Nevertheless, this biovar associated subtyping scheme
persists and has even been incorporated into more modern genomic
based approaches due to its historical signiﬁcance and omnipresence
(Achtman et al., 2004).
Although glycerol fermentation and nitrate reduction are certain-
ly the most widely utilized phenotypic assays for subtyping Y. pestis,
other phenotypic assays have been applied. For the most part, these
other assays have been applied to Y. pestis strains from China and the
former Soviet Union (FSU), where there is a much higher level of
genetic diversity among Y. pestis strains than elsewhere in the world.
Utilized phenotypic assays include fermentation of various sugars
(e.g., rhamnose, mellbiose, arabinose, and melezitose); nutritional
requirements (e.g., leucine, methionine, arginine, thiamine, cysteine,
phenylalanine, threonine, and tyrosine); pesticin 1 production and sus-
ceptibility; urease, ﬁbrinolytic, and coagulase activities; and virulence
for guinea pigs. A set of 60 such phenotypic features was used to divide
Y. pestis strains from the FSU and Mongolia into the main subspecies
pestis, which contains representatives of “typical” human disease caus-
ing Y. pestis, and the nonmain subspecies altaica, caucasica, hissarica,
ulegeica, and talassica. These subspecies are sometimes referred to as
the pestoides group of Y. pestis and are often not thought to be asso-
ciated with human disease (Anisimov et al., 2004), although they are
likely capable of causing human disease, as suggested by a recent,
comprehensive Y. pestis phylogeny (Cui et al., 2013). A similar pheno-
typic subtyping scheme was developed to divide Y. pestis strains from
China into various ecotypes (Zhou et al., 2004a). The same research
group also proposed a fourth biovar, microtus (glpD+, napA−, araC−),
based upon the classical glycerol fermentation and nitrate reduction
tests and the additional ability to ferment arabinose (araC+), for
which the classical three biovars were all positive (Zhou et al., 2004c).
A new classiﬁcation scheme incorporating information from these stud-
ies was suggested by Platonov et al. (2013) to comply with the rules of
the International Code of Bacterial Nomenclature (ICBN). This classi-
ﬁcation scheme contains two subspecies, pestis and microtus, which
are then further divided into four (intermedium, antiqua, medievalis,
and orientalis) and eight (caucasica, angola, talassica, qinghaiensis,
xilingolensis, altaica, hissarica, and ulegeica) biovars, respectively
(Platonov et al., 2013). Regardless of the classiﬁcation scheme used,
these various intraspecies groups, whether subspecies, ecotypes,
and/or biovars, all have different geographical distributions and pri-
mary hosts (Anisimov et al., 2004; Zhou et al., 2004a; Zhou et al.,
2004b).
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ent intraspecies groups can be unstable and subject to convergent evo-
lution. Strains may be misclassiﬁed into the incorrect biovar due to
independentmutational events causing the appearance of a shared phe-
notype (Anisimov et al., 2004; Platonov et al., 2013). Conversely, strains
belonging to different biovars may appear identical when examined via
a panel of phenotypic tests (Platonov et al., 2013). However, these
misassignments may be identiﬁed if the phenotypes are compared to
more robust molecular methods (Achtman et al., 2004).
Despite the advent of various molecular methods, phenotypic
assays continue to be used as a means of identifying Y. pestis and differ-
entiating among the biovars. Phenotypic assays associated with the
commercial API20E® system have been shown to be effective at identi-
fying Mongolian strains as Y. pestis (Kiefer et al., 2012), but were not
as successful when applied to strains from the Republic of Georgia
(Revazishvili et al., 2008). The classical glycerol fermentation and
nitrate reduction assays and other more extensive, custom sets of
phenotypic assays have been used in relatively recent studies to differ-
entiate among subspecies and biovars (Kiefer et al., 2012; Revazishvili
et al., 2008). The classical tests were also used as a supplement to
other subtyping methods in a recent study examining Y. pestis strains
from plague outbreaks in Algeria and Libya (Cabanel et al., 2013). In
contrast, attempts to use phenotypic assays to differentiate among
closely related strains from limited geographic areas, such as in Brazil,
where only the orientalis biovar is found, have been unsuccessful
(Cavalcanti et al., 2002; Leal et al., 1989).2.2. Serotyping and phage typing
Serotyping and phage typing are not generally useful for differenti-
ating among Y. pestis strains due to a high level of homogeneity. Indeed,
it is commonly thought that all Y. pestis strains belong to a single sero-
type and a single phage type. This is not strictly true, however. For
example, variation in phage sensitivity has been identiﬁed among sub-
species and Y. pestis strains negative for F1 antigen, commonly used in
the diagnosis of Y. pestis, also have been found (Anisimov et al., 2004),
although this variation has not been utilized for strain differentiation.2.3. Plasmid analysis
Various plasmids have been identiﬁed in Y. pestis strains. Three viru-
lence plasmids, pPCP1 (9.5 kb, also known as pPst), pCD1 (70–75 kb,
also known as pCad or pYV), and pMT1 (100–110 kb, also known as
pFra); are found in most strains, with other, sometimes cryptic, plas-
mids identiﬁed in some strains (Anisimov et al., 2004; Eppinger et al.,
2012; Perry and Fetherston, 1997). These cryptic plasmids may be
variants of the three main virulence plasmids (i.e., may contain indels
or be a multimeric or recombinant version of these plasmids) or may
be entirely new plasmids (Anisimov et al., 2004; Chu et al., 1998;
Eppinger et al., 2012; Perry and Fetherston, 1997). Variation in plasmid
size and content has been used for differentiating among Y. pestis
strains, particularly from the FSU and China (Anisimov et al., 2004),
with 20 or more proﬁles identiﬁed (Platonov et al., 2013). Different
plasmid proﬁles are sometimes referred to as plasmidovars (Anisimov
et al., 2004) and may correlate with geographic origin and phenotype
(Anisimov et al., 2004; Dong et al., 2001), although the limited number
of identiﬁed plasmidovars limits the value of these associations. Pheno-
typic variation associated with plasmid variation may include carbohy-
drate fermentation activity, nutritional requirements (Anisimov et al.,
2004), and antibiotic (Galimand et al., 1997) or arsenic (Eppinger
et al., 2012) resistance. Similar to phenotypic assays, plasmid analysis
is generally not useful for differentiating among closely related strains
from limited geographic areas, such as in Brazil (Cavalcanti et al.,
2002; Leal et al., 1989).3. Fragment based subtyping
3.1. RFLP
RFLP subtyping methods applied to Y. pestis include ribotyping,
pulsed-ﬁeld gel electrophoresis (PFGE), and an IS element based RFLP
analysis. Ribotyping is based upon the RFLP of DNA encoding the rRNA
operons, which vary in copy number among the biovars (Lindler,
2009; Platonov et al., 2013). In the ribotyping method developed for
Y. pestis, genomic DNA is digested using EcoRI and EcoRV, the fragments
are separated via gel electrophoresis, and Southern blotting is per-
formed on the resolved DNA fragments using a 16S-23S rRNA probe
(Guiyoule et al., 1994). However, ribotyping shows limited discrimina-
tory power. A study of 70 Y. pestis strains from ﬁve continents collected
over 72 years revealed only 16 ribotypes, with 65.7% of the analyzed
strains belonging to only two ribotypes and three or fewer strains falling
in each of the remaining 14 ribotypes (Guiyoule et al., 1994). Ribotyping
has shown a limited ability to detect the emergence of new genetic var-
iants. Speciﬁcally, three new ribotypes were identiﬁed from a particu-
larly active plague region in Madagascar, two of which were shown to
have a tendency to spread and supplant the original ribotypes, poten-
tially indicating strains with an adaptive advantage (Guiyoule et al.,
1997). Ribotypes have also been shown to correlate with biovar desig-
nations/other intraspecies group designations (Eroshenko et al., 2007;
Guiyoule et al., 1994; Platonov et al., 2013) and PFGE types (Hai et al.,
2004), indicating an ability to identify major populations. This ability
was recently used to determine that plague outbreaks in 2003 and
2009 in the neighboring countries Algeria and Libya, respectively,
were unrelated, as they were caused by strains of two different biovars
(Cabanel et al., 2013). Similarly, ribotyping has also demonstrated some
success in differentiating among Y. pestis strains from the diverse plague
foci in China (Wei et al., 2003). However, due to overall low discrimina-
tory power and the labor required, the utility of ribotyping for subtyping
Y. pestis has been relatively short lived, with other, more contemporary
methods largely supplanting this subtyping method.
PFGE involves the digestion of genomic DNA by various rare-cutting
restriction enzymes followed by the separation of the resulting
fragments on a gel using an alternating electric ﬁeld. This method
allows for the analysis of the complete genome by comparing RFLP
proﬁles of individual strains. Varying results have been obtained
using PFGE analysis of Y. pestis. Initial PFGE analyses using SpeI or
I-CeuI on small strain panels revealed a limited number of pulsotypes
that were correlated with biovar (Lucier and Brubaker, 1992; Rakin
and Heesemann, 1995). Another study indicated a correlation be-
tween ribotypes and pulsotypes (Hai et al., 2004). A separate ribotyping
study that also investigated PFGE found that different colonies of the
same strain displayed different pulsotypes, suggesting that PFGE may
not be suitable for comparing Y. pestis strains (Guiyoule et al., 1994).
However, subsequent studies were not only able to obtain adequate
differentiation among strains considered homogeneous using other
methods (e.g., ribotyping) (Barros et al., 2013; Guiyoule et al., 1997;
Huang et al., 2002), but also showed that the pulsotypes remained sta-
ble over short term laboratory maintenance (Barros et al., 2013; Huang
et al., 2002). These studieswere able to differentiate among strains from
a limited geographic area, identifying 8 and 26 pulsotypes among 17
and 37 ribotype B strains from Madagascar (Guiyoule et al., 1997) and
the USA (Huang et al., 2002), respectively, and 19 pulsotypes among
22 strains from Brazil (Barros et al., 2013). However, they were not
able to identify any strong geographic correlations (Barros et al., 2013;
Guiyoule et al., 1997; Huang et al., 2002). In contrast, PFGE studies of
strains from the Republic of Georgia and neighboring FSU countries
and the Yunnan Province in China did reveal geographic correlations
(Revazishvili et al., 2008; Shi et al., 2014; Z. Zhang et al., 2009), likely
due to the greater evolutionary distance among the strains found
in these regions (i.e., multiple intraspecies groups) combined with
restricted geographic dispersal of the different genetic groups. Similarly,
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geographically separated outbreaks in the neighboring countries of
Algeria and Libya in 2003 and 2009, respectively. The same study was
able to identify some PFGE differences among the Algerian outbreak
strains but not among the Libyan outbreak strains (Cabanel et al.,
2013). Historically, PFGE has provided a reasonable level of useful
discrimination among Y. pestis strains. However, the requirement for
live culture, labor intensiveness, and potential difﬁculties in comparing
results among laboratories has led to PFGE being largely replaced by
more contemporary subtyping methods for Y. pestis.
3.2. IS elements
The genomes of Y. pestis and Y. pseudotuberculosis contain four types
of IS elements. In Y. pestis, IS100 is the most abundant with 75 copies in
strain Antiqua and 30–44 copies in strains CO92, KIM, Nepal516, and
91001; followed by IS1541with 47–67 copies; IS285with 19–25 copies;
and IS1661 with 8–10 copies (Chain et al., 2006; Deng et al., 2002;
Parkhill et al., 2001; Song et al., 2004). Variation in the numbers and
locations of these IS elements is primarily responsible for the variability
detected by subtyping methods that rely on the analysis of the relative
locations of speciﬁc chromosomal fragments, including ribotyping,
PFGE, and IS element based approaches (Lindler, 2009; Platonov et al.,
2013). Two subtyping methods based upon IS elements have been
developed for Y. pestis. The ﬁrst method is a variant of RFLP analysis in
which a DNA fragment of the targeted IS element is used as a probe,
rather than the rRNA probe used in ribotyping. An initial IS-RFLP analy-
sis of 49 diverse Y. pestis strains utilizing EcoRI digestion and an IS100
probe revealed good discriminatory power and allowed separation of
the included strains by biovar (Achtman et al., 1999). IS-RFLP analysis
has also been shown to discriminate amongmore closely related strains.
Analysis of 37 Y. pestis strains from the USA using HindIII digestion and
an IS100 probe and EcoRI digestion and an IS285 probe revealed 16 and
4 IS-RFLP types, respectively, althoughmost strains belonged to a single
type in each analysis (Huang et al., 2002). Nearly complete discrimina-
tion (59 types among 61 diverse strains) was achieved by combining
the IS-RFLP types obtained using EcoRI and HindIII digestion and probes
for IS100, IS285, and IS1541 in a method termed 3 IS-RFLP. The com-
bined IS-RFLP type data allowed for robust clustering by both biovar
and geographical origin with the exception of some biovar orientalis
strains fromMadagascar (Torrea et al., 2006). A 2 IS-RFLPmethod utiliz-
ing probes for IS100 and IS1541was used in a recent study investigating
plague outbreaks in Algeria and Libya. This method conﬁrmed the in-
volvement of two different biovars in the outbreaks and identiﬁed
some variation among the Algerian outbreak strains but not among
the Libyan outbreak strains (Cabanel et al., 2013). Although IS-RFLP
has provided some useful insights, the labor required has likely
prevented its general application and has led to the replacement of
this method with more contemporary approaches.
A second subtyping method based upon IS elements, known as
IS-positional genotyping, uses PCR to target known IS element sites
within a genome. In this method, one primer is internal to the IS ele-
ment and the other is locus speciﬁc, complementing a sequence
ﬂanking the IS element. PCR using these primer sets can then determine
whether an IS element is in a particular insertion site, relative to the ref-
erence genome. A set of 27 primer pairs targeting 16 IS100 insertions in
CO92 was able to separate 77 Y. pestis and Y. pseudotuberculosis strains
into 15 types. These types mostly correlated with biovar, although
very little geographic correlation was observed, particularly within the
orientalis biovar (Motin et al., 2002). A second study of 11 IS100 sites
across 131 strains was able to identify the same genetic groups as sepa-
rate VNTR and synonymous SNP (sSNP) analyses except that less differ-
entiation was found within the analyzed pestoides strains (Achtman
et al., 2004). Interestingly, this method provided some of the ﬁrst mo-
lecular evidence of the relationship among Y. pseudotuberculosis,
pestoides, and typical Y. pestis (Lindler, 2009), with this method placingthe pestoides strains intermediate between Y. pseudotuberculosis and
typical Y. pestis (Motin et al., 2002). It was also the ﬁrst method to indi-
cate that somemembers of the medievalis and antiqua biovars actually
belong together in the same genetic group (Lindler, 2009; Motin et al.,
2002). This relationship was conﬁrmed in the study using sSNP, VNTR
and IS-positional genotyping wherein three major phylogenetic
brancheswere identiﬁedwithin Y. pestis. However, of the three subtyping
methods used in that study, the phylogenetic tree generated by IS-
positional genotyping was partially incorrect due to hotspots for geno-
mic rearrangements and excision events (i.e., high potential for conver-
gent evolution). In addition, the IS-positional genotypingmethod had a
higher proportion of missing data compared to the other two methods
and sowas not, in the opinion of the authors, an ideal subtypingmethod
for classiﬁcation and phylogenetic reconstruction of Y. pestis (Achtman
et al., 2004).
3.3. DFR analysis
Subtractive hybridization, comparative genome hybridization using
microarrays, and comparative analysis of whole genome sequences
have been used to identify genomic differences between Y. pestis and
Y. pseudotuberculosis and among Y. pestis strains. Early suppression sub-
tractive hybridization (SSH) efforts revealed a 41.7 kb region speciﬁc to
Y. pestis that was used to design a Y. pestis-speciﬁc PCR assay (Radnedge
et al., 2001). A second SSH study identiﬁed six genomic regions, termed
difference regions (DFRs), which varied in their presence/absence
among Y. pestis strains and were able to differentiate 78 diverse
Y. pestis strains into 12 DFR proﬁles (Radnedge et al., 2002). Ten addi-
tional DFRs were identiﬁed among a small, diverse strain panel using a
gene speciﬁc microarray for Y. pestis strain CO92 (Hinchliffe et al.,
2003). Analyses of Y. pestis strains from China identiﬁed the largest
number of DFRs, with microarray and SSH analyses identifying 22 and
4 DFRs, respectively (Dai et al., 2005; Zhou et al., 2004b). A large study
utilizing 23 of these DFRs was able to differentiate 909 Y. pestis strains
from China into 32 groups termed genomovars (Li et al., 2008). An
even larger, subsequent study using these DFRs identiﬁed 52
genomovars among 3044 Y. pestis strains from China (Yang et al.,
2014). These genomovars correlated with phenotypically deter-
mined ecotypes and were speciﬁc to particular plague foci (Li et al.,
2008; Yang et al., 2014), illustrating the ability of DFRs to identify
meaningful genetic groups. When applied to a set of 275 strains
from 27 plague foci in FSU countries, these 23 DFRs identiﬁed at least
56 genomovars in the FSU and Mongolia (Platonov et al., 2013). Other
DFR analyses have focused on investigating Y. pestis strain collections ei-
ther from various human outbreaks and/or speciﬁc plague foci in China
(Dai et al., 2013; Li et al., 2014; Li et al., 2006; Qi et al., 2006;Wang et al.,
2013).
Overall, DFRs can be accurate, if limited, phylogenetic markers. They
can be detected as presence/absence data using simple PCR assays and
electrophoresis (Dai et al., 2005; Zhou et al., 2004b), making them
applicable to laboratories with a wide range of capabilities and budgets.
DFRs can accurately identify subspecies, populations and some strains
(Platonov et al., 2013) and, in the case of Y. pestis strains from China,
can be used to tentatively assign a strain to a plague focus (Li et al.,
2008), making them useful markers for identifying major genetic
groups. They have also been shown to be consistent with other
subtypingmethods in their determination of phylogenetic relationships
among major groups. However, DFR analysis does not show a high
degree of discrimination among strains within a given major group (Li
et al., 2008), making DFR analysis of limited applicability to some popu-
lation genetics, phylogeography, or molecular epidemiology questions.
3.4. LCB linking modes
Genomic rearrangements are a common feature of Y. pestis genomes
and have been noted in a number of Y. pestiswhole genome sequences
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et al., 2009; Eppinger et al., 2010; Garcia et al., 2007; Liang et al., 2010;
Parkhill et al., 2001; Shen et al., 2010; Song et al., 2004). In one such
whole genome sequence study, Liang et al. (Liang et al., 2010) speciﬁcal-
ly identiﬁed 61 large DNA segments among eight Y. pestis strain whole
genome sequences that were highly conserved in their gene content
and structure, but that demonstrated considerable variability in their
order and orientation among the genome sequences. Liang et al.
(Liang et al., 2014) termed these relatively independent and mobile
large DNA segments locally collinear blocks (LCBs) and found that the
breakpoint regions joining these LCBs were made up of IS element
and/or rRNA sequences that were responsible for the rearrangements
observed among the LCBs. Liang et al. (2014) then developed a fragment
based subtyping technique to detect these LCB rearrangements. This
simple, PCR-based method uses agarose gels and primers designed
near LCB boundaries andwithin the LCBs to detect twelve possible chro-
mosome rearrangement sites and their related LCB linking modes
(i.e., how and where the LCBs are linked together). Sequencing of the
breakpoint regions contained in the PCR products was then used to pro-
vide conﬁrmation of the detected LCB linking mode, although this
would probably not be necessary for routine screening using this meth-
od. This technique detected 11 groups among 28 Y. pestis strains from
ﬁve plague foci in China that were correlated with geographic origin
(Liang et al., 2014). This result suggests that LCB linking modes may
be a useful technique for identifying major genetic groups, but would
likely not show a high degree of discrimination among Y. pestis strains
within major groups, and so is likely to be of limited applicability to
some population genetics, phylogeography, or molecular epidemiology
questions.
3.5. RAPD
RAPD is a subtypingmethod that uses one ormore arbitrarily select-
ed primers of variable length that are used to amplify correspondingly
random segments of the targeted DNA template. Fragments obtained
from this random ampliﬁcation are then separated by electrophoresis
and the resulting RAPD ﬁngerprint patterns compared. RAPD has been
shown to be of use for small, comparative analyses, such as tracing or
identifying an outbreak, but several potential drawbacks have been ob-
served, including a potential lack of reproducibility, technical problems,
and issueswith comparing RAPDﬁngerprints (Power, 1996). It has been
used in one study to analyze Y. pestis, but provided very little discrimi-
natory power. Speciﬁcally, a RAPD analysis of 103 Y. pestis strains from
different plague foci in China revealed only two RAPD types, with
most Y. pestis strains from the Qinghai province found to be of one
type and most Y. pestis strains from elsewhere in China belonging to
the other type (Huang et al., 2000). Further investigations of Y. pestis
using this subtyping technique do not appear to have been performed
and seem unlikely, given the low discriminatory power observed by
Huang et al. (Huang et al., 2000) and the aforementioned other draw-
backs of RAPD.
3.6. REP-PCR
REP-PCR is a subtyping method based upon the presence of various
repetitive element DNA sequences, including, repetitive extragenic pal-
indrome (REP), enterobacterial repetitive intergenic consensus (ERIC),
and BOX elements. PCR primers targeting these repetitive elements
are used to amplify a series of fragments of various lengths that are
then separated using electrophoresis to generate a ﬁngerprint pattern
for analysis. ERIC-PCR and ERIC-BOX-PCR analysis of outbreak and
surveillance associated Y. pestis strains from India identiﬁed all three
biovars and provided molecular evidence linking the human plague
outbreaks to the rodent reservoir. ERIC-BOX-PCR produced more
resolved fragments but was less polymorphic than ERIC-PCR, being
unable to differentiate biovar medievalis from biovar antiqua. TheERIC-PCR proﬁles were equivalent to the genotypes identiﬁed using
seven VNTR loci (Kingston et al., 2009). Despite its success in this limit-
ed study, REP-PCR is not recommended as a sole subtyping method,
particularly if large numbers of strains are to be analyzed, since consid-
erable interexperimental variation has been identiﬁed in other species
(Meacham et al., 2003).
3.7. VNTRs
VNTRs consist of relatively short DNA fragments repeated in tandem
that can vary in copy number among strains. Copy number variation is
detected as size differences in amplicons generated using primer sets
ﬂanking the targeted VNTR. Larger repeats may be analyzed using stan-
dard electrophoresis, but smaller repeats require higher resolution
using polyacrylamide gel or capillary electrophoresis. Analysis of multi-
ple VNTR loci may be referred to as multi-locus VNTR analysis (MLVA)
(Keim et al., 2000). The ﬁrst VNTR used to differentiate among Y. pestis
strains was a CAAA repeat discovered through analysis of the then par-
tially completed CO92 strain genome sequence. This VNTR displayed a
high level of discrimination with 9 alleles and a 0.82 diversity index
across the 35 analyzed Y. pestis strains (Adair et al., 2000). Subsequent
analyses of available genome sequences allowed the identiﬁcation of
many more potential VNTRs within Y. pestis (Klevytska et al., 2001; Le
Flèche et al., 2001; Li et al., 2013). There were originally twoMLVA typ-
ing systems developed for Y. pestis. One (MLVA43) initially contained 42
VNTR loci (Klevytska et al., 2001), but was later modiﬁed by removing
three loci and adding four other loci, for a ﬁnal total of 43 VNTR loci
(Girard et al., 2004). The other (MLVA25) contained 25 VNTR loci,
although only 7 of these (MLVA7) were recommended for quick com-
parisons of new strains with the main strain collection database (Le
Flèche et al., 2001; Pourcel et al., 2004). Seven VNTR loci were shared
between these two MLVA systems (Li et al., 2013; Pourcel et al., 2004).
Several studies have been performed using either of the two origi-
nally developed MLVA systems. The MLVA25 was initially developed
based upon analysis of three Y. pestis strains (Le Flèche et al., 2001),
but was later used to subtype 180 Y. pestis strains into 61 genotypes
that were then incorporated into a database for later comparisons
(Pourcel et al., 2004). A subsequent study of over 500 Y. pestis strains,
mostly from China, revealed 350 genotypes (Li et al., 2009) and a
study of 100 Y. pestis strains from 37 areas in Mongolia identiﬁed
65 genotypes, 54 of which were newly described (Riehm et al., 2012).
MLVA25 has also been adapted to a ﬁeld deployable assay using an
Agilent 2100 Bioanalyzer (Ciammaruconi, 2012; Ciammaruconi et al.,
2008) and 14 of the MLVA25 loci were amenable to high-resolution
melting analysis (HRMA) (Ciammaruconi et al., 2009).
The MLVA43 has been applied to a more diverse set of questions.
Initially, it was shown to provide discrimination among a set of 12
global Y. pestis strains and 12 strains from Siskiyou County, California
(Klevytska et al., 2001). It provided nearly complete discrimination
(102 genotypes among 104 Y. pestis and Y. pseudotuberculosis strains)
in a global analysis (Achtman et al., 2004) and has shown good discrim-
ination in regional analyses of Y. pestis strains from prairie dog die-offs
in Arizona (Girard et al., 2004) and surveillance activity in Madagascar
(Vogler et al., 2011). Spatial patterns were evident in both of these
regional studies (Girard et al., 2004; Vogler et al., 2011), illustrating
the utility of MLVA for phylogeographical studies. A similar regional
study of 48 Y. pestis strains from Kazakhstan was less successful, with
most of the strains falling into an unresolved polytomy and little associ-
ation based on known plague focus (Lowell et al., 2007), although these
results might have been improvedwithmore speciﬁc location informa-
tion. MLVA43 has also been successfully used to study the short term
evolution of Y. pestis during a single prairie dog colony die-off (Girard
et al., 2004) and during a decade long series of outbreaks in Mahajanga,
Madagascar (Vogler et al., 2013), revealing distinct spatial and temporal
patterns, respectively. The utility of the MLVA43 for these small geo-
graphical area and short term temporal strain collections stems from
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rates compared to the MLVA25 system. Indeed, experimental mutation
rate data for the MLVA43 indicate individual mutation rates as high as
3.7 × 10−4 mutations/generation and a global 43-locus mutation rate
of 1.1 × 10−3 mutations/generation as well as data on the relative fre-
quencies of different types of VNTR mutations (Girard et al., 2004;
Vogler et al., 2007). These experimentally determined mutation rates
are consistent with measured in vivo mutation rates, suggesting their
utility for use in analyzing MLVA43 based phylogenetic relationships
among naturally occurring Y. pestis strains (Girard et al., 2004). These
mutation rate data were directly applied in an investigation of a
human plague case to determine the most likely source of infection
among multiple potential environmental sources (Colman et al.,
2009). In a similar investigation, seven Y. pestis strains collected
from dogs and patients involved in a pneumonic plague outbreak in
Qinghai, China demonstrated no differences when analyzed using
MLVA43 supplemented with an additional three VNTR markers. The
lack of observed differences in these highly mutable loci among these
strains provided very strong molecular evidence linking the outbreak
to a deceased dog (Wang et al., 2011).
Subsets of the MLVA43 andMLVA 25 have also been used in various
studies. Lowell et al. (Lowell et al., 2005) used 17 of the MLVA43 loci to
analyze 13 sets of Y. pestis strains collected from the Southwestern USA
during epidemic investigations. They were successfully able to link
human case strains to strains from suspected environmental sources
of infection, further illustrating the utility of MLVA for epidemiological
investigations. Of particular interest was their analysis of a Y. pestis
strain from a human plague case that occurred in 2002 in New York
City, where plague does not naturally occur. Lowell et al. (2005) was
able to show that the infected patient vacationing in New York most
likely contracted the disease near his home in NewMexico, thus ruling
out a bioterror event in this case. Kingston et al. (2009) used theMLVA7
subset of theMLVA25 to analyze a small set of outbreak and surveillance
associated Y. pestis strains from India and found no matches when the
new genotypeswere queried against the global strain database, demon-
strating the discriminatory ability of even a small number of VNTR loci.
X. Zhang et al. (2009) selected 14 large repeat unit VNTR loci from the
MLVA25 and theMLVA43 and used them to analyze 213 Y. pestis strains
from different plague foci in China. They identiﬁed 84 genotypes among
these strains which were divided based upon biovar and the plague
focus of origin. Oliveira et al. (2012) examined 20 Y. pestis strains from
an epizootic event in Sítio Alagoinha in 1967 and 17 strains from anout-
break in Planalto da Borborema in 1986 in Brazil using 11 VNTR loci
from the MLVA25 and the VNTR locus reported by Adair et al. (Adair
et al., 2000). In contrast to previous unsuccessful genotyping attempts
on many of these strains that yielded no differences, this VNTR-based
system provided 100% discrimination among the 37 Y. pestis strains
and identiﬁed three genetic groups, which showed some correlation
with the geographic/temporal origin of the strains (Oliveira et al., 2012).
Recently, a third MLVA typing system incorporating a 14+12 VNTR
subtyping scheme (MLVA14+12) was developed to provide subtyping
data comparable to SNPs. This study initially investigated 88 VNTRs, 64
of which were previously described and 24 of which were new. These
VNTRs provided 100% discrimination among 97 diverse Y. pestis strains
representing 21 SNP determined subpopulations. Removing VNTR loci
with lower diversity and potential genotyping problems left 39 VNTRs
that were still able to provide 100% discrimination among the 97 strains
but that produced a phylogeny that deviated slightly from the SNP
based analysis. Although no VNTR combination could perfectly recon-
struct the SNP population structure, further analysis of these 39 VNTRs
identiﬁed 14 loci that mostly approximated the SNP based analysis.
However, these 14 VNTRs, although able to correctly separate major
populations, were unable to discriminate strains at the subpopulation
level. Thus, 12 additional VNTR loci were chosen to further differen-
tiate strains of major populations into different subpopulations, with
1–5 of these loci needed for discrimination within each of the majorpopulations. Of these sets of 14 and 12 VNTRs, 9 and 8, respectively,
were sharedwith theMLVA43 and/or theMLVA25, whereas the other 5
and 4, respectively, were newly described. A set of 956 diverse Y. pestis
strains analyzed with this MLVA14+12 hierarchical system produced
clustering patterns mostly consistent with a SNP analysis and provided
a database of genotype data for future comparisons. The authors noted
that this system provided discriminatory power while reducing time
and cost and minimizing the possible distortion of homoplasies caused
by rapidly mutating VNTR loci (Li et al., 2013).
MLVA provides the greatest discrimination among all the fragment
based subtyping methods used for Y. pestis. It is also one of the more
transferrable fragment based subtyping methods, as it is based upon
discrete size difference data that can be relatively easily transferred
among laboratories. MLVA is also applicable to a wide range of scientiﬁc
questions. It has successfully been used to differentiate among global
(Achtman et al., 2004; Klevytska et al., 2001; Li et al., 2013; Pourcel
et al., 2004), regional (Girard et al., 2004; Klevytska et al., 2001; Li
et al., 2009; Lowell et al., 2007; Oliveira et al., 2012; Riehm et al.,
2012; Vogler et al., 2011; X. Zhang et al., 2009) and even local (Girard
et al., 2004; Vogler et al., 2013) Y. pestis strain collections and has
been shown to separate strains based upon biovar and/or population
(Achtman et al., 2004; Kingston et al., 2009; Klevytska et al., 2001; Le
Flèche et al., 2001; Li et al., 2013; Li et al., 2009; Lowell et al., 2007;
Pourcel et al., 2004; Riehmet al., 2012; X. Zhang et al., 2009), geographic
origin (Girard et al., 2004; Li et al., 2013; Li et al., 2009; Oliveira et al.,
2012; Vogler et al., 2011; X. Zhang et al., 2009), and even the time of iso-
lation (Vogler et al., 2013). Although MLVA does successfully separate
groups of Y. pestis strains according to various criteria, the phylogenetic
relationships among those groups, particularly any deeper phylogenetic
relationships, may not be accurately reﬂected due to the mutational
saturation that can occur at rapidly evolving VNTR loci (Achtman
et al., 2004; Keim et al., 2004; Vogler et al., 2011). The MLVA14+12
has attempted to ameliorate this with its hierarchical approach and
has had some success (Li et al., 2013). However, the overall discrimina-
tory power of this system is likely less than the MLVA43 since it lacks
some of the most diverse loci within that system (Li et al., 2013;
Vogler et al., 2007). Even without dedicated attempts such as the
MLVA14+12, Y. pestisMLVA is mostly consistent with other methods,
showing congruence with IS-positional genotyping, DFR analysis,
CRISPR analysis, and SNPs (Achtman et al., 2004; Li et al., 2009; Riehm
et al., 2012; Vogler et al., 2013; Vogler et al., 2011).
4. Sequencing
4.1. 16S analysis
The 16S rRNA genes of Y. pestis and Y. pseudotuberculosis are 100%
identical and only a single SNP has been reported between the two spe-
cies in the 23S rRNA gene (Trebesius et al., 1998). As such, 16S analysis
is not useful for either species identiﬁcation or subtyping of Y. pestis.
4.2. MLST
MLST involves the analysis of several gene fragments for sequence
variation. Housekeeping genes are generally targeted based upon the
assumption that they are not under strong selection, although other
genes are sometimes used. MLST schemes generally target 6 different
genes that are spaced so as to avoid linkage among the chosen genes.
MLST targeting gene fragments from the 16S rRNA, glnA, gyrB, recA,
and Y-HSP60 genes were used to subtype 58 strains from all of the
known species in the Yersinia genus. This method was able to separate
Y. pestis from Y. pseudotuberculosis, but would not be suitable for
subtypingwithin Y. pestis due to the very low number of polymorphisms
(Kotetishvili et al., 2005). MLST of fragments from ﬁve housekeeping
genes (thrA, trpE, glnA, tmk, and dmsA) and one lipopolysaccharide
biosynthesis gene (manB) across 36 diverse Y. pestis strains and 12–13
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sity among Y. pestis strains and identical or nearly identical sequences
between Y. pestis and some Y. pseudotuberculosis. This analysis led to
the ﬁrst age estimate for Y. pestis, suggesting that Y. pestis evolved from
Y. pseudotuberculosis between 1500 and 20,000 years ago (Achtman
et al., 1999). The same MLST scheme applied to nine pestoides strains
indicated that the pestoides strains were more closely related to
Y. pestis than Y. pseudotuberculosis, with the pestoides strains exhibiting
sequences identical to Y. pestis (Achtman et al., 2004). MLST analysis of
46 Y. pestis strains from the Republic of Georgia and neighboring FSU
countries across a larger number of loci (housekeeping genes 16S
rRNA, hsp60, glnA, gyrB, recA, manB, thrA, and tmk and virulence genes
caf1, lcrV, psaA, and pla) identiﬁed two sequence types. These sequence
types differed by single SNPs in two genes and roughly separated the
Georgian strains from the non-Georgian strains (Revazishvili et al.,
2008). Another, more recent, MLST analysis targeted fragments from
housekeeping genes adk, argA, aroA, glnA, thrA, tmk, and trpE and ana-
lyzed 1015 pathogenic Yersinia strains, including 52 genetically diverse
Y. pestis strains from plague foci in China and elsewhere. This MLST
scheme successfully distinguished Y. pestis from Y. pseudotuberculosis
using a single trpE locus difference, but found very little variation
among the examined Y. pestis strains, identifying only four sequence
types, three of which were unique to individual strains (Duan et al.,
2014). Sequencing of other single fragments (lcrV gene and pgm locus)
has been similarly unsuccessful at identifying useful variation for
subtyping purposes (Adair et al., 2000; Buchrieser et al., 1999). Overall,
MLST has been able to provide support for the idea that Y. pestis and
Y. pseudotuberculosis are two lineages of the same species rather than
two distinct species (Achtman et al., 1999; Kotetishvili et al., 2005), but
has not been an effective subtyping method within Y. pestis due to its
low resolution.
Although traditional MLST has been mostly ineffective at discrimi-
nating among Y. pestis strains, a similar technique developed for rapid
identiﬁcation and subtyping of the bio-threat agents Bacillus anthracis,
Y. pestis, and Francisella tularensis has shown somepotential for discrim-
inating among Y. pestis strains. This technique consists of two separate
microﬂuidics-based assays that target ten loci for each of the three
targeted pathogens. The ﬁrst assay consists of a multiplexed PCR sizing
assay that allows for identiﬁcation of each agent and some strain dis-
crimination based on the unique electrophoretic proﬁle generated
(i.e., fragment based subtyping). The second, related assay, is a non-
traditional, MLST-like assay that sequences the targeted loci and pro-
vides additional strain discrimination. Due to the targeted loci, which
included chromosomal and plasmid targets that contained a mix of
SNPs, indels, and VNTR-like repeats, these assays were able to success-
fully differentiate among biovars and some strains in a panel of 34
Y. pestis strains (Turingan et al., 2013). Though this technique provided
somewhat greater discrimination than traditional MLST due to the spe-
ciﬁc targeting of loci known to provide at least biovar level discrimina-
tion, this technique would not likely provide sufﬁcient discriminatory
power for many common subtyping applications.
4.3. CRISPR analysis
CRISPR elements consist of 21–37 bp long direct repeats separated by
spacers of comparable size (Jansen et al., 2002). CRISPR subtyping is pos-
sible due to a high degree of polymorphism in the spacers among strains.
Three CRISPR loci exist in Y. pestis and Y. pseudotuberculosis, YPa, YPb, and
YPc (also referred to as YP1, YP2, and YP3, respectively), with YPa being
the most variable (Cui et al., 2008; Pourcel et al., 2005). Pourcel et al.
(2005) initially described the variability of the Y. pestis CRISPR loci
among Y. pestis strains, identifying 21, 9, and 3 alleles at YPa, YPb, and
YPc, respectively. These alleles were the result of varying combinations
of 26, 14, and 5 different spacers for YPa, YPb, and YPc, respectively.
Vergnaud et al. (2007) investigated additional Y. pestis strains at the
YPa CRISPR locus and identiﬁed additional spacers for a total of 71unique YPa spacers. Cui et al. (2008) analyzed all three CRISPR loci
across 6 available Y. pestis whole genome sequences and 125 Y. pestis
strains from 26 natural plague foci in China, Mongolia, and the FSU.
They identiﬁed 83, 37, and 11 spacers arranged in 35, 16, and 7 alleles
at YPa, YPb, and YPc, respectively, with a total of 49 CRISPR genotypes
among the 131 Y. pestis strains. Distribution of these CRISPR genotypes
as well as individual spacers was strongly correlated with region and
plague focus, indicating the ability of CRISPR analysis to identify popu-
lations and broad phylogeographic patterns in Y. pestis. This study was
followed by an analysis of 100 Y. pestis strains from 37 areas in
Mongolia, which found a total of 14 CRISPR genotypes, six of which
were newly described (Riehm et al., 2012). Most recently, a CRISPR
analysis of 128 Y. pestis strains from Brazil identiﬁed 16 and 5 new
spacers in the YPa and YPb loci, respectively (Barros et al., 2014).
CRISPR analysis has also been used for establishing phylogenetic hy-
potheses. CRISPR analysis of a collection of closely related Y. pestis
strains facilitated the deduction of a series of rules for CRISPR evolution
(Pourcel et al., 2005). A second study on a diverse Y. pestis strain collec-
tion expanded on these rules, helped predict the hypothetical CRISPR
structure of the Y. pestis ancestor, and suggested the potential applica-
tion of CRISPR analysis to ancient DNA studies (Vergnaud et al., 2007),
although, to our knowledge, this has not yet been attempted. Another
study of a large number of strains from China and the FSU used
CRISPR analysis to propose an evolutionary scenario for Y. pestis, includ-
ing potential transmission routes (Cui et al., 2008). A CRISPR analysis of
128 Y. pestis strains from Brazil was consistent with a single introduc-
tion to Brazil and also identiﬁed a limited number of unique CRISPR
genotypes distributed amongst 5 plague foci in Brazil, though the ma-
jority of the analyzed strains belonged to a single CRISPR genotype
(Barros et al., 2014). Overall, CRISPR analysis has been shown to be con-
sistent with SNP, DFR, and MLVA based analyses (Li et al., 2008; Riehm
et al., 2012), and to provide useful phylogenetic insights (Barros et al.,
2014; Cui et al., 2008). Thus, CRISPR can be an effective subtypingmeth-
odwhen a high level of discrimination is not required, although the cost
of the necessary fragment sequencing must be considered.4.4. Whole genome sequencing
Whole genome sequence (WGS) data for Y. pestis is expanding at
a rapid rate. The ﬁrst Y. pestis WGS was for CO92, a 1.ORI (biovar
orientalis) strain from North America (Parkhill et al., 2001). Although
very useful for identifying potential polymorphic loci for use in various
subtyping schemes (Klevytska et al., 2001; Le Flèche et al., 2001; Motin
et al., 2002), there was a lack of additionalWGSs for genomewide com-
parisons. This was remedied by the publication of WGSs for Y. pestis
strains KIM10+ (population 2.MED, biovar medievalis) (Deng et al.,
2002), Antiqua (population 1.ANT, biovar antiqua), Nepal516 (popula-
tion 2.ANT, biovar antiqua) (Chain et al., 2006), and 91001 (population
0.PE4, biovarmicrotus) (Song et al., 2004), providing at least one repre-
sentative of all of themajor Y. pestis populations and/or biovars. Follow-
ing this, severalmoreWGSswere published for Y. pestis strains from the
diverse plague foci in the FSU and China including Pestoides F (Garcia
et al., 2007), B42003004, K1973002, E1979001, F1991016 (Eppinger
et al., 2009), D106004, D182038 (Liang et al., 2010; Shen et al., 2010),
Z176003 (Shen et al., 2010), and 2501 (Sun et al., 2012). Other
Y. pestis WGSs include the deep-rooted Angola strain (Eppinger et al.,
2010); UG05-0454, another 1.ANT (biovar antiqua) strain from Africa
(Morelli et al., 2010); and S3, a biovar antiqua strain from India
(Mahale et al., 2014). Additional 1.ORI (biovar orientalis) WGSs include
strains FV-1 (Touchman et al., 2007), CA88-4125 (Auerbach et al.,
2007), 90A-4021, 92A-4261, 97A-7970 (Cummings et al., 2010), and
EBD10-058 (Antonation et al., 2014) from North America; La Paz from
Bolivia (Cummings et al., 2010); INS from Peru (Cáceres et al., 2013);
9, 113, and 24H from India (Mahale et al., 2014); MG05-1020 and
IP275 from Madagascar; and IP674 from Turkey (Morelli et al., 2010).
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the evolution and spread of Y. pestis.
Other WGSs have addressed more speciﬁc questions. A WGS for
Y. pestis strain KIM D27 highlighted the importance of addressing
sequencing errors when performing genome comparisons, particularly
between very closely related strains (Losada et al., 2011). A WGS of a
Y. pestis EV76 strain used in China (EV76-CH) revealed polymorphisms
that could be used for tracking the dissemination history of the EV76
vaccine strain lineage (Cui et al., 2014). A draft Y. pestisWGS from vic-
tims of the Black Death from London, England in 1348–1350 provided
insight into the origins of the second plague pandemic (Bos et al.,
2011). Similarly, draft Y. pestisWGSs from victims of Justinian's plague
provided insight into the origins of the ﬁrst plague pandemic (Wagner
et al., 2014). Cui et al. (2013) sequenced the genomes of 118 strains
from China, Mongolia, and the FSU in order to deﬁne the phylogeny of
Y. pestis since its most recent common ancestor. On a smaller scale,
Yan et al. (2014) sequenced 7 strains from a 2009 pneumonic plague
outbreak in Xinghai, China and 3 additional historical strains from the
same region to investigate the potential source of the outbreak. Similar-
ly, Gibbons et al. (Gibbons et al., 2012) sequenced nine Y. pestis strains
from 2009 seasonal plague in New Mexico and Vogler et al. (2013)
sequenced four Y. pestis strains from theMahajanga,Madagascar plague
outbreaks of the 1990s. These three studies illustrate the applicability of
whole genome sequencing to more geographically and/or temporally
restricted analyses. Overall, whole genome sequencing has progressed
from providing a few reference genomes, useful for identifying poly-
morphic loci to query against larger strain panels, to a genetic subtyping
method that may be used on its own.
All of these WGS data have revealed or conﬁrmed a number of fea-
tures relevant to Y. pestis subtyping. A WGS for Y. pseudotuberculosis
strain IP32953 conﬁrmed the very close phylogenetic relationship be-
tween this species and Y. pestis, identifying only 32 chromosomal genes
acquired by Y. pestis since its divergence from Y. pseudotuberculosis
(Chain et al., 2004). This lack of unique Y. pestis sequences presents a
challenge to developing reliable species speciﬁc genetic assays for the
identiﬁcation of Y. pestis. DetectedWGS variationwithin Y. pestis is sim-
ilarly sparse but includes SNPs, insertions, deletions, varying IS element
distributions, and genomic rearrangements (Antonation et al., 2014;
Auerbach et al., 2007; Bos et al., 2011; Cáceres et al., 2013; Chain
et al., 2006; Cui et al., 2014; Cui et al., 2013; Cummings et al., 2010;
Deng et al., 2002; Eppinger et al., 2009; Eppinger et al., 2010; Garcia
et al., 2007; Gibbons et al., 2012; Liang et al., 2010; Losada et al., 2011;
Morelli et al., 2010; Parkhill et al., 2001; Shen et al., 2010; Song et al.,
2004; Touchman et al., 2007; Vogler et al., 2013; Wagner et al., 2014;
Yan et al., 2014). Overall, very little variation in genomic content has
been identiﬁed among Y. pestis strains. However, genomic rearrange-
ments mediated by insertion sequences are common, having been
noted in a number of WGS studies (Auerbach et al., 2007; Chain et al.,
2006; Deng et al., 2002; Eppinger et al., 2009; Eppinger et al., 2010;
Garcia et al., 2007; Liang et al., 2010; Parkhill et al., 2001; Shen et al.,
2010; Song et al., 2004), and represent the primary source of variation
detected by the fragment based subtyping methods of ribotyping,
PFGE, IS-RFLP, IS-positional genotyping (Lindler, 2009; Platonov et al.,
2013), and LCB linking modes (Liang et al., 2014). The SNPs discovered
via WGS comparisons have had the greatest impact on Y. pestis
subtyping, allowing for detailed reconstruction of the phylogeny of
Y. pestis (Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010).
Although highly useful, these SNPs are still relatively infrequent
due to the recent origin and slow clock rate of Y. pestis. For example,
only 2326 SNPs were discovered among the core genomes of 133
Y. pestis strains isolated fromdiverse plague foci in China and elsewhere
(Cui et al., 2013). SNP discovery among closely related Y. pestis strains
has been even more challenging, with only 19–33 SNPs identiﬁed
in various WGS studies of 1.ORI (biovar orientalis) strains from North
America or Madagascar (Antonation et al., 2014; Auerbach et al.,
2007; Cummings et al., 2010; Gibbons et al., 2012; Touchman et al.,2007; Vogler et al., 2013). Although infrequent, these SNPs can serve
as highly informative genetic markers, exhibiting almost no homoplasy
(Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010).
4.5. SNP analysis
The proliferation of WGS data has allowed for an unprecedented
level of SNP identiﬁcation, phylogenetic analysis, and inferences about
the evolution and spread of Y. pestis. Achtman et al. (2004) performed
the ﬁrst genome-wide analysis of synonymous SNPs (sSNPs) in
Y. pestis, identifying 76 sSNPs in 3250 orthologous coding sequences
(CDS) among three available Y. pestis genomes (CO92, KIM10+, and
91001). Denaturing HPLC (dHPLC) based screening of 105 diverse
Y. pestis strains revealed an additional 4 sSNPs and allowed for the con-
struction of the ﬁrst sSNP based phylogeny for Y. pestis. This phylogeny
contained three major branches (0, 1, and 2), eight major populations
(0.PE1, 0.PE2, 0.PE3, 0.PE4, 1.ANT, 1.ORI, 2.ANT, and 2.MED), and age
estimates for the various branch points. This phylogeny was inconsis-
tent with classical biovar nomenclature, which led Achtman et al.
(2004) to propose new nomenclature based upon molecular groupings
(i.e., branch names) but that also contained references to biovar desig-
nations (i.e., PE for pestoides, ANT for antiqua, MED for medievalis,
and ORI for orientalis). This study also deﬁnitively determined that the
classical antiqua biovar was actually made up of at least two distinct
populations, 1.ANT and 2.ANT, isolated in Africa and Asia, respectively,
and ofﬁcially discredited the Devignat (Devignat, 1951) hypothesis
linking the three classical biovars to the three pandemics (Achtman
et al., 2004).
This study was followed by a more extensive analysis that discov-
ered 933 SNPs among 17WGSs that were subsequently screened across
286 globally diverse Y. pestis strains. These data were used to create a
fully parsimonious minimal spanning tree that signiﬁcantly expanded
upon the previous SNP based phylogeny, identifying several more
populations and allowing for multiple inferences about the evolution
and spread of Y. pestis. Speciﬁcally, this analysis indicated that Y. pestis
likely emerged in or near China and was then transmitted via multiple
epidemics through various routes. Age estimates associated with the
phylogeny coupled with historical records suggested possible trans-
missions toWest Asia via the Silk Road and Africa via Chinese marine
voyages. The phylogeny revealed multiple, independent radiations
associated with the third pandemic, including a single radiation
event in the U.S.A. and another in Madagascar (Morelli et al., 2010).
Most recently, an evenmore extensive analysis was conducted using
2,326 SNPs discovered among 133WGSs. This analysis reﬁned the glob-
al phylogeny for Y. pestis even further, identifying additional branches
and several polytomies, including one around the time of the Black
Death and one at the base of the 1.ORI group, the population responsible
for the third pandemic. Molecular clock analyses in this study indicated
signiﬁcant variation in SNP ﬁxation rates over the phylogeny, possibly
due to alternating endemic and epidemic periods. With regard to the
evolution and spread of Y. pestis, this study conﬁrmed the origins of
Y. pestis in China and even narrowed down the likely geographic origin
to the Qinghai–Tibet Plateau. It also suggested that the Angola strain
may be a relative of the genotype responsible for Justinian's plague
(Cui et al., 2013) and challenged the hypothesis associating the 1.ANT
population with ancient Chinese marine voyages (Cui et al., 2013;
Morelli et al., 2010).
SNP based analyses have also been used to study more geograph-
ically and/or temporally restricted strain collections. Morelli et al.
(2010) presented SNP based analyses of the expansion of Y. pestis
in the U.S.A. and Madagascar as part of their more comprehensive
global analysis. A standalone study of Y. pestis in Madagascar used a
set of 56 SNPs and the MLVA43 to analyze 262 strains from 25 dis-
tricts from 1939–2005. This SNP analysis deﬁned several groups
and was used as a means of reﬁning and validating the MLVA43 analy-
sis, which provided greater discrimination (Vogler et al., 2011). This
Table 1
Summary of subtyping methods applied to Y. pestis.
Subtyping method Variation detected Discriminatory power Other factors
Phenotype Genomic
rearrangements
Indels SNPs Species Intraspeciﬁc
group





Phenotypic assays ● – – – ○a ○b – – – – ●c ●
Serotyping ● – – – – – – – – – – –
Phage typing ● – – – – ○d – – – – – –
Plasmid analysis – ○ – – – – – – – – – –
Fragment based
subtyping
RFLP: ribotyping – ○ ○ ○ ●e ●f ○g ○h – – – –
RFLP: PFGE – ○ ○ ○ – ●i ○j ○k – – – –




– ● ● – ●o ●p ●q – – – ○r –
DFR analysis – ● – – ●s ●t ○u ○v – – – –
LCB linking modes – ● – – – ●w ○x ○y – – – –
RAPD – ○ ○ ○ – – – ○z – – – –
REP-PCR – – ○ – – ○aa – – – – – –
VNTRs – – ● – ○ab ○ac ●ad ●ae ●af ●ag ○ah –
Sequencing 16S analysis – – – ● – – – – – – – –
MLST – – – ● ○ai – – – – – – –
CRISPR analysis – – ● ● ○aj ●ak ○al ○am – – – –
WGS – ● ● ● ●an ●ao ●ap ●aq ●ar ●as – –
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Y. pestis strains from the Mahajanga, Madagascar plague outbreaks
from 1991–1999. This study reported similar results, with the SNP
analysis enhancing and supporting the MLVA43 analysis (Vogler
et al., 2013). Similarly to these studies, Riehm et al. (2012) used the
MLVA25 to classify 100 Mongolian strains into 65 genotypes arranged
in six clusters. Partial SNP typing was then performed on selected
strains to link these clusters to previously identiﬁed SNP based groups.
Touchman et al. (2007) identiﬁed 19 SNPs between the CO92 and FV-1
Y. pestis strain WGSs and used these SNPs to separate 22 diverse North
American Y. pestis strains into seven groups along a linear phylogeny
deﬁned by the two WGSs. Cui et al. (2014) screened SNPs discovered
in their EV76-CH Y. pestis strain WGS across 28 other EV76 strains
from different countries to reconstruct the dissemination history of
this vaccine strain lineage.
Ancient DNA (aDNA) analyses have targeted SNPs as a means of in-
vestigating the source of the ﬁrst and second plague pandemics.
Haensch et al. (2010) queried 17 SNPs and the glpDmutation associated
with biovar orientalis against Y. pestis positive aDNA samples fromNotes to Table 1
●= yes, ○= depends: indirectly measures this type of variation/may provide discriminatory
a (Kiefer et al., 2012; Revazishvili et al., 2008).
b (Anisimov et al., 2004; Cabanel et al., 2013; Kiefer et al., 2012; Lindler, 2009; Platonov et a
c (Anisimov et al., 2004; Platonov et al., 2013).
d (Anisimov et al., 2004).
e (Eroshenko et al., 2007).
f (Cabanel et al., 2013; Eroshenko et al., 2007; Guiyoule et al., 1994; Platonov et al., 2013).
g (Guiyoule et al., 1994).
h (Cabanel et al., 2013; Guiyoule et al., 1997; Wei et al., 2003).
i (Cabanel et al., 2013; Lucier and Brubaker, 1992; Rakin and Heesemann, 1995).
j (Lucier and Brubaker, 1992).
k (Barros et al., 2013; Cabanel et al., 2013; Guiyoule et al., 1997; Huang et al., 2002; Revazish
l (Achtman et al., 1999; Cabanel et al., 2013; Torrea et al., 2006).
m (Achtman et al., 1999; Torrea et al., 2006).
n (Cabanel et al., 2013; Huang et al., 2002).
o (Achtman et al., 2004; Motin et al., 2002).
p (Achtman et al., 2004; Motin et al., 2002).
q (Achtman et al., 2004; Motin et al., 2002).
r (Achtman et al., 2004).
s (Hinchliffe et al., 2003; Platonov et al., 2013; Radnedge et al., 2002; Radnedge et al., 2001)
t (Dai et al., 2005; Hinchliffe et al., 2003; Li et al., 2008; Platonov et al., 2013; Radnedge et al
u (Radnedge et al., 2002).
v (Dai et al., 2005; Dai et al., 2013; Li et al., 2014; Li et al., 2006; Li et al., 2008; Platonov et a
w (Liang et al., 2014).
x (Liang et al., 2014).
y (Liang et al., 2014).
z (Huang et al., 2000).
aa (Kingston et al., 2009).
ab (Achtman et al., 2004; Li et al., 2013).
ac (Achtman et al., 2004; Kingston et al., 2009; Klevytska et al., 2001; Le Flèche et al., 2001; L
X. Zhang et al., 2009).
ad (Achtman et al., 2004; Klevytska et al., 2001; Li et al., 2013; Pourcel et al., 2004).
ae (Girard et al., 2004; Klevytska et al., 2001; Li et al., 2009; Lowell et al., 2007; Oliveira et al
af (Colman et al., 2009; Girard et al., 2004; Vogler et al., 2013).
ag (Vogler et al., 2013).
ah (Achtman et al., 2004; Keim et al., 2004; Vogler et al., 2011).
ai (Duan et al., 2014; Kotetishvili et al., 2005).
aj (Pourcel et al., 2005; Vergnaud et al., 2007).
ak (Barros et al., 2014; Cui et al., 2008; Pourcel et al., 2005; Riehm et al., 2012; Vergnaud et a
al (Pourcel et al., 2005).
am (Barros et al., 2014; Cui et al., 2008; Riehm et al., 2012; Vergnaud et al., 2007).
an (Chain et al., 2004).
ao (Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010).
ap (Cui et al., 2013; Morelli et al., 2010; Wagner et al., 2014).
aq (Cui et al., 2013; Gibbons et al., 2012; Yan et al., 2014).
ar (Vogler et al., 2013).
as (Vogler et al., 2013).
at (Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010).
au (Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010; Riehm et al., 2012).
av (Achtman et al., 2004; Cui et al., 2013; Morelli et al., 2010; Wagner et al., 2014).
aw (Cui et al., 2013; Morelli et al., 2010; Riehm et al., 2012; Touchman et al., 2007; Vogler et
ax (Vogler et al., 2013).
ay (Vogler et al., 2013).human skeletons buried in putative plague pits in England, France,
and the Netherlands in the 14th–17th centuries. They identiﬁed sam-
ples from England and France that were placed very near the split of
branches 1 and 2 from branch 0 and samples from the Netherlands
that were placed at the beginning of branch 1. Bos et al. (2011) exam-
ined SNPs identiﬁed in a global analysis of extant Y. pestis strains
(Morelli et al., 2010) in their draft Y. pestis WGS from victims of the
Black Death from London, England in 1348–1350. Their sequences
also were placed very near the base of branch 1 (Bos et al., 2011). A
follow-up analysis by Bos et al. (2012) combined their SNP data (Bos
et al., 2011) with the SNP data generated by Morelli et al. (2010) for a
joint Maximum Parsimony analysis based upon 636 SNPs and 311
Y. pestis strains. This analysis conﬁrmed the placement of their draft
Black Death Y. pestisWGS very near the split between branches 1 and
2 and revealed clusters of Y. pestis strains that potentially diverged
around the time of Justinian's plague and immediately prior to the
Black Death (Bos et al., 2012). Schuenemann et al. (2011) attempted
to genotype 11 SNPs in Y. pestis positive aDNA samples from human
skeletal remains from the 1348–1350 East Smithﬁeld mass burial sitepower depending upon circumstances,−= no/no available data.
l., 2013; Revazishvili et al., 2008; Zhou et al., 2004a; Zhou et al., 2004c).
vili et al., 2008; Shi et al., 2014; Z. Zhang et al., 2009).
.
., 2002; Zhou et al., 2004b).
l., 2013; Qi et al., 2006; Wang et al., 2013; Yang et al., 2014; Zhou et al., 2004b).
i et al., 2013; Li et al., 2009; Lowell et al., 2007; Pourcel et al., 2004; Riehm et al., 2012;
., 2012; Riehm et al., 2012; Vogler et al., 2011; X. Zhang et al., 2009).
l., 2007).
al., 2011; Yan et al., 2014).
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data for a single SNP. These genotype data suggested that the samples
were notmembers of branch 2, but did not deﬁnitively identify the phy-
logenetic position of the samples. An extensive global Y. pestis phyloge-
ny later placed the Bos et al. (2011) andHaensch et al. (2010) sequences
more precisely in the Y. pestis phylogeny, on branch 1, 1 and 3 SNPs
away from themajor polytomy at node N07 (Cui et al., 2013). Following
this, Harbeck et al. (2013) queried ﬁve key SNPs from previous global
phylogenetic analyses against Y. pestis positive aDNA samples from
Justinianic plague victim remains from the 6th century A.D. They
found that samples from at least one individual were more basal on
the global phylogeny than the Y. pestis populations that caused the sec-
ond and third pandemics. Most recently, Wagner et al. (2014) generat-
ed draft WGSs from apparent victims of the ﬁrst pandemic and
compared them with 131 other available WGSs. They identiﬁed a new
branch leading to these twonewWGSs, interleaved between two extant
groups, 0.ANT1 and 0.ANT2, and concluded that the ﬁrst pandemic was
caused by an independent emergence of Y. pestis from rodents into
humans that was unrelated to the second and third pandemics.
Though SNP discovery is highly dependent upon the availability of
WGS data, SNP screening has been accomplished in a variety of ways
for Y. pestis. Simple PCR ampliﬁcation and sequencing has been used
(Riehm et al., 2012), as have multiplex Luminex assays (Cui et al.,
2014). Denaturing HPLC has been used as a method of both genotyp-
ing known SNPs and discovering additional SNPs in two large global
studies (Achtman et al., 2004; Morelli et al., 2010). MALDI-TOF mass
spectrometry (MS) has been used as a screening method for both
large (i.e., N900) and small (i.e., 19) numbers of SNPs across varyingly
sized strain panels (Morelli et al., 2010; Touchman et al., 2007). Melt
mismatch ampliﬁcation mutation assays (Melt-MAMA) are highly ver-
satile and have been used to screen a large collection of Y. pestis strains
from Madagascar across a total of 77 SNPs with an additional SNP
screened using a TaqMan-minor groove binding (MGB) assay (Vogler
et al., 2013; Vogler et al., 2011). Such TaqMan real-time PCR assays
are especially well suited in cases where high sensitivity is desired.
Vogler et al. (2008) developed two TaqMan-MGB assays targeting
SNPs speciﬁc to North American Y. pestis and the CO92 strain, respec-
tively, and validated them against a panel of 116 diverse Y. pestis and
Y. pseudotuberculosis strains. In a similar vein, McAvin et al. (2003)
developed a Taqman assay speciﬁc to Y. pestis for the ﬁeld-deployable
thermocycler, RAPID, although the targeted SNP was unreported as
was the identity of the Y. pestis strains tested. Regardless of the detec-
tionmethod, SNP genotyping data are easily transferable among labora-




Decades of Y. pestis research have identiﬁed a variety of subtyping
methods that may be used for the identiﬁcation, classiﬁcation and
epidemiological tracking of this pathogen. Some methods, such as
serotyping, phage typing, plasmid analysis, 16S analysis, and MLST,
have been found unsuitable for most purposes due to nonexistent
or very low levels of diversity within Y. pestis and sometimes even
between Y. pestis and Y. pseudotuberculosis (Achtman et al., 2004;
Achtman et al., 1999; Anisimov et al., 2004; Cavalcanti et al., 2002;
Duan et al., 2014; Kotetishvili et al., 2005; Leal et al., 1989; Platonov
et al., 2013; Revazishvili et al., 2008; Trebesius et al., 1998). Other
methods have historically provided useful insights into the evolution
of Y. pestis but have since been mostly replaced by more contemporary
methods for a variety of reasons, including: imprecision, cost, difﬁculty,
lack of transferability, sample limitations (e.g., requirement for live
culture), and/or insufﬁcient discriminatory power. These methods
include phenotypic assays, ribotyping, PFGE, IS-RFLP, IS-positionalgenotyping, RAPD, REP-PCR, DFR analysis, and CRISPR analysis. Of
these, DFR and CRISPR analyses provide themost accurate phylogenetic
information and could still be useful for some applications. However,
except for a single CRISPR study demonstrating limited variability
among a set of Y. pestis strains from Brazil (Barros et al., 2014), most
DFR and CRISPR analyses of Y. pestis have involved only relatively genet-
ically diverse worldwide and/or regional (i.e., China and/or the FSU)
strain collections (Cui et al., 2008; Dai et al., 2005; Dai et al., 2013; Li
et al., 2014; Li et al., 2006; Li et al., 2008; Platonov et al., 2013; Pourcel
et al., 2005; Qi et al., 2006; Radnedge et al., 2002; Riehm et al., 2012;
Vergnaud et al., 2007; Wang et al., 2013; Yang et al., 2014; Zhou et al.,
2004b). Overall, the utility of these subtyping methods for less geneti-
cally diverse strain collections is unlikely to be as great asmore contem-
porary methods. Similarly, although it was only recently developed
(Liang et al., 2014), LCB linking modes are also unlikely to provide suf-
ﬁcient discriminatory power for less genetically diverse strain collec-
tions compared to other contemporary moethods. Table 1 summarizes
the targeted variation and demonstrated discriminatory power of the
various subtyping methods that have been applied to Y. pestis.
5.2. Accurate phylogenetic assignment
The advent of whole genome sequencing and resultant proliferation
in identiﬁed SNPs for Y. pestis has played a prominent role in the
decreased usefulness of other subtyping methods for answering con-
temporary research questions. Y. pestis evolves clonally and very few
identiﬁed SNPs within Y. pestis exhibit homoplasy (Achtman et al.,
2004; Cui et al., 2013; Morelli et al., 2010). Thus, SNPs represent largely
unambiguous geneticmarkers of themolecular evolution of Y. pestis and
can be used to track the evolutionary and transmission history of this
pathogen. Although whole genome sequencing is typically required
for the identiﬁcation of any novel SNPs in an unknown strain, this
level of analysis is seldom needed for most applications, which often
focus on the placement of an unknown strain into a known genetic
group. The most recent global phylogeny for Y. pestis has identiﬁed
many such genetic groups (Cui et al., 2013) and is very robust, lacking
the bias that can occur when a relatively small number of WGSs are
used to discover SNPs (Pearson et al., 2004; Pearson et al., 2009), since
it is based upon SNPs discovered among 133 diverse Y. pestis strain
WGSs (Cui et al., 2013). Many of these SNPs provide redundant genetic
information since they fall on the same phylogenetic branch. A single
canonical SNP (canSNP) can be chosen to represent any phylogenetic
branch. As such, a small set of canSNPs can be used in a hierarchical
fashion to place any unknown strain into a genetic group, from a
major population to a speciﬁc strain (Keim et al., 2004). This sort of
SNP genotyping is amenable to a wide variety of platforms, including
some very low cost alternatives (Birdsell et al., 2012), making this
type of canSNP analysis attainable for most laboratories. SNP genotyp-
ing data are also unambiguous and easily transferred among laborato-
ries, making this subtyping method ideal for collaborative efforts.
SNP analysis is broadly applicable to awide variety of scientiﬁc ques-
tions. CanSNP analysis can place any unknown strain into any pre-
deﬁned genetic group and thus is ideally suited for any application
where such classiﬁcation is desired. CanSNPs can also be targeted with
extremely sensitive detection methods such as real-time PCR, enabling
the genotyping of even very low copy or degraded samples. These qual-
ities make canSNPs particularly suited to forensic or aDNA studies.
Although there have not been any published forensic investigations in-
volving Y. pestis, several aDNA studies have attempted to establish
Y. pestis as the causative agent of the ﬁrst and second plague pandemics.
Many of these aDNA studies have reported the detection of Y. pestis spe-
ciﬁc DNA (Bos et al., 2011; Drancourt et al., 1998; Drancourt et al., 2004;
Drancourt et al., 2007; Haensch et al., 2010; Harbeck et al., 2013; Malou
et al., 2012; Pusch et al., 2004; Raoult et al., 2000; Schuenemann et al.,
2011; Seifert et al., 2013; Tran et al., 2011a; Tran et al., 2011b; Wagner
et al., 2014; Wiechmann and Grupe, 2005; Wiechmann et al., 2010).
33A.J. Vogler et al. / Infection, Genetics and Evolution 37 (2016) 21–36However, only a fewhave attempted any subtyping. One research group
has classiﬁed aDNA samples as being related to biovar orientalis
using partial glpD sequences (Drancourt et al., 2007; Tran et al., 2011a;
Tran et al., 2011b) or a method called multiple spacer typing (MST)
(Drancourt et al., 2004). However, a lack of adherence to current strin-
gent aDNA anticontamination protocols (e.g., independent replication)
(Tsangaras and Greenwood, 2012), concerns over the legitimacy of
the MST approach, and the likely nonexistence of biovar orientalis dur-
ing the ﬁrst and second pandemics (population 1.ORI is estimated to
have emerged only ~200 years ago (Cui et al., 2013; Morelli et al.,
2010)) has led some to question the authenticity of these results
(Haensch et al., 2010; Harbeck et al., 2013; Vergnaud, 2005). In contrast,
multiple studies have demonstrated the power of canSNP analyses for
aDNA investigations (Bos et al., 2011; Haensch et al., 2010; Harbeck
et al., 2013; Schuenemann et al., 2011;Wagner et al., 2014), identifying
the genotypes responsible for the ﬁrst and second plague pandemics
(Bos et al., 2011; Haensch et al., 2010; Harbeck et al., 2013; Wagner
et al., 2014) and enabling the placement of those genotypes in the con-
text of the current global Y. pestis phylogeny (Bos et al., 2012; Cui et al.,
2013; Harbeck et al., 2013; Wagner et al., 2014).
5.3. High resolution
Although SNP analysis provides adequate subtyping for many scien-
tiﬁc questions, VNTRs may be more appropriate for some applications,
particularly when maximum discrimination is desired. SNP analysis
is only able to identify phylogenetic groups along the evolutionary
path(s) linking the WGSs used to discover the SNPs (Keim et al., 2004;
Pearson et al., 2004; Pearson et al., 2009), which can limit the resolving
power of this method. Evenwhole genome sequencing of every studied
strain may not identify sufﬁcient SNPs to differentiate a given strain set
aswell asMLVA, although few direct comparisons are available. The rel-
atively low resolution MLVA7 identiﬁed 7 genotypes among 9 Y. pestis
strains fromNewMexico compared to 6 SNP/indel genotypes generated
from the WGS data for these strains (Gibbons et al., 2012). Of four
Y. pestis strain WGSs from the Mahajanga, Madagascar plague out-
breaks, two were indistinguishable based upon 13 discovered SNPs,
but all four possessed unique MLVA43 genotypes. Despite these four
strains being chosen to maximize the discovery of phylogenetically in-
formative SNPs, only 5 of the 13 SNPs were synapomorphic, identifying
three major SNP groups among a set of 39 Mahajanga Y. pestis strains
with an additional twoWGS speciﬁc groups identiﬁed by the remaining
autapomorphic SNPs. In contrast, MLVA43 identiﬁed 24 genotypes with
a distinct temporal pattern among the 39 strains (Vogler et al., 2013).
Though no SNP data are available, MLVA43 was also able to identify
25 genotypes with a distinct spatial pattern among 177 samples from
a single prairie dog colony die-off (Girard et al., 2004), further illus-
trating the power of this method for providing useful discrimination
among very closely related strains. The discriminatory power of the
MLVA43 for these strain collections is the result of including several
VNTR loci with very high mutation rates (Vogler et al., 2007). Many
of the MLVA43 VNTR loci with lower mutation rates are monomorphic
among very closely related strains. Thus, all of the VNTR loci in the
MLVA43 do not necessarily need to be genotyped to achieve maximum
discrimination. VNTR loci from theMLVA43 can be selected based upon
their knowndiversity and/ormutation rate (Vogler et al., 2007). Indeed,
our phylogenetic analysis of N1000 Y. pestis strains revealed almost no
loss in discriminatory power when 18 of the most diverse MLVA43
VNTR loci were analyzed compared to data from the full MLVA43
(data not shown).
Whole genome sequencing should theoretically be able to identify
both SNP and MLVA differences, thus eliminating any need for tradi-
tional MLVA analyses. However, due to limitations in current next-
generation sequencing methods, this is often not the case in practice.
Current next-generation sequencing methods generate relatively
short reads (Glenn, 2011), which may fail to span a complete VNTRlocus. This is particularly true in the case of the most diverse Y. pestis
VNTR loci, which can have very large copy numbers (Vogler et al.,
2007). In their 454 WGS analysis of 9 Y. pestis strains from NewMexico,
Gibbons et al. (Gibbons et al., 2012) found that VNTR locus assembly
failures occurred for VNTR amplicon sizes greater than 200 bp. Success-
ful assembly of VNTR loci using shorter Illumina or other sequencing
reads would likely be more difﬁcult. Overall, DNA ampliﬁcation and as-
sembly technologies for next generation-sequencing methods deal
poorly with repeat regions (Baker, 2012), which will greatly affect the
success of in silico MLVA genotyping on next-generation WGSs.
5.4. Hierarchical applications
When accurate phylogenetic placement and high discrimination are
both desired, a hierarchical approach utilizing SNPs and VNTRs may be
applied. This approach, formally referred to as progressive hierarchical
resolving assays using nucleic acids (PHRANA), was ﬁrst described for
B. anthracis (Keim et al., 2004), but is applicable to any clonally repro-
ducing, recently emerged pathogen, including Y. pestis. In the traditional
PHRANA approach, SNPs are used to identify major genetic groups
followed by VNTRs to provide resolution within those groups, allowing
for both a deeply rooted phylogenetic hypothesis and high resolution
discrimination among closely related strains (Keim et al., 2004). In
Y. pestis, this approach has been used very successfully with a fewmod-
iﬁcations. Vogler et al. (2013) and Vogler et al. (2011) used a combina-
tion of SNPs and the MLVA43 to analyze Y. pestis in Madagascar overall,
and in the city of Mahajanga, speciﬁcally. In their approach, one SNP
that divided Y. pestis strains from Madagascar into two major groups
was ﬁrst applied. This was followed by the use of theMLVA43 to further
discriminate among the strains. Additional SNPs were then used to pro-
vide additional support to subgroups identiﬁed using the MLVA43.
Riehm et al. (2012) used the MLVA25 to analyze a set of 100 Y. pestis
strains from Mongolia and then used selected SNP typing to link
MLVA25 identiﬁed clusters to previously identiﬁed SNP based groups.
Li et al. (2013)) attempted to eliminate the need for SNP typing using
their hierarchical MLVA14+12 system and were able to approximate
the clustering patterns of a SNP analysis, but not perfectly. They sug-
gested that this system could be used as a PHRANA like system but
admitted that a traditional PHRANA system using canSNPs followed
by MLVA would be equally efﬁcacious (Li et al., 2013). The traditional
approach also does not suffer from potential errors in phylogenetic
placement and could be easily customized by altering the targeted
canSNPs and/or VNTR loci based upon the scientiﬁc question being
asked and the Y. pestis strains being subtyped.
6. Conclusions
The successful subtyping of Y. pestis has depended upon several fac-
tors related to Y. pestis, the subtyping methods used to genotype it, and
the scientiﬁc questions those methods were used to address (Fig. 1).
Key factors related to Y. pestis include its overall low genetic diversity,
its relatively recent emergence (i.e., evolutionary young), its clonality,
and the types of variation present in its genome (i.e., IS elements and
related genomic rearrangements, VNTRs, and SNPs). Several subtyping
methods have been successful at identifying the species of Y. pestis
and its major populations. A smaller number ofmethods have been suc-
cessful at further differentiating among Y. pestis strains, distinguishing
among subpopulations or even individual strains (Table 1). Key factors
related to this success have included the types of variation targeted by
these methods, their associated mutation rates, and their suscepti-
bility to convergent evolution. Thus, rapidly mutating VNTR loci,
capable of discriminating among even very closely related Y. pestis
strains, have been particularly successful in epidemiological studies.
In contrast, whole genome SNP discovery and subsequent screening
has provided an unparalleled means of accurately determining phy-
logenetic relationships, providing insight into the emergence, global
34 A.J. Vogler et al. / Infection, Genetics and Evolution 37 (2016) 21–36spread, and maintenance of Y. pestis. For the future, it seems clear
that whole genome sequencing will become the preferred method
for genetically characterizing Y. pestis. However, while this remains
out of reach for all studies, a variety of subtyping methods remain
available, with SNPs the preferred choice for phylogenetic accuracy
and VNTRs potentially providing additional discrimination.
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